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Abstract 
 

Children are exposed to toxic metals and metalloids via their diet and environment. Our objective was 

to assess the aggregate chronic exposure of children aged 3–6 years, living in France, to As, Cd, Cr, Cu, 

Mn, Pb, Sb, Sr, and V present in diet, tap water, air, soil and floor dust in the years 2007–2009. Dietary 

data came from the French Total Diet Study, while concentrations in residential tap water, soil and 

indoor floor dust came from the ‘Plomb-Habitat’ nationwide representative survey on children's lead 

exposure at home. Indoor air concentrations were assumed to be equal to outdoor air 

concentrations, which were retrieved from regulatory measurements networks. Human exposure 

factors were retrieved from literature. Data were combined with Monte Carlo simulations. Median 

exposures were 1.7, 0.3, 10.2, 34.1, 60.3, 0.7, 0.1, 44.3, 1.5 and 95th percentiles were 4.4, 0.5, 15.8, 

61.3, 98.3, 2.5, 0.1, 111.1, 2.9 μg/kg bw/d for As, Cd, Cr, Cu, Mn, Pb, Sb, Sr, and V respectively. Dietary 

exposures dominate aggregate exposures, with the notable exception of Pb - for which soils and 

indoor floor dust ingestion contribute most at the 95th percentile. The strengths of this study are that 

it aggregates exposures that are often estimated separately, and uses a large amount of 

representative data. This assessment is limited to main diet and residential exposure, and does not 

take into account the relative bioavailability of compounds. These results could be used to help target 

prevention strategies. 
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1. Introduction 
 

Many metals are known to have adverse impacts on human health via various toxicological 

mechanisms. These have also been subject to exposure surveillance indicating that reference values 

may be reached for certain populations – for instance for lead, cadmium and Arsenic (WHO 2015). 

This is particularly true of lead: in France in 2008-2009, for example, more than half of young children 

had blood lead levels above the No Observed Effect Level(Etchevers et. al 2014). Because they are 

subject to developmental toxicity (Grandjean et. al 2008) and because their lower body weight and 

more intense hand to mouth activity means they are most exposed, children are of particular 

concern. Metals and metalloids are widely distributed and ubiquitous in the environment, so that 

people are exposed via both food and environment.  

Biomonitoring studies are ideal for taking into account all sources of exposure without allowing 

source apportionment, while indirect methods modeling doses from contamination and consumption 

data enableestimation of the specific contribution made by a given exposure medium(Lioy and 

Rappaport 2011), which is useful with a view to prevention measures. However,given the amount of 

data that are required, many indirect exposure assessments are dedicated to one particular source or 

media (diet, water, soil, dust…) of exposure. This is true of Total Diet Studies (TDS), designed to assess 

dietary exposure to many compounds, as well as studies designed to address a particular 

environmental situation such as an industrial setting. The consequence is that there is often a choice 

to be made between knowledge of overall, or aggregate, exposure, and awareness of the significance 

of different media and sources of exposure. The result is that there are very few indirect exposure 

assessments taking into account most pathways of exposures for the general population, and then 

quantifying the relative importance of each one. Aggregate exposure assessment allows such a global 

view, which could reveal useful in regulatory context for setting a media standard accounting for 

others. 

In the present study, our objective is twofold. It is to assess, for 3-6 year-old children living in France, 

firstly aggregate chronic exposure to Arsenic (As), Cadmium (Cd), Chromium (Cr), Copper (Cu), 

Manganese (Mn), Lead (Pb), Antimony (Sb), Strontium (Sr) and Vanadium (V) and secondly, to identify 

the main contributors to exposure to these toxic metals and metalloids. We focused on the general 

population, living aside particular situations such as local contamination or specific consumption 

habits. The ultimate goal is to help identifying the relevant pathways of exposure for young children, 

which could be useful for setting dietary or environmental standards. 

We chose these metals because of their toxicity and because their contamination data were available 

at nationwide scale,for both food and residential environment. Other environments such as public 

living places were not included in the assessment. 

 



 

2. Material and methods 
 

2.1. Assumptions 
We calculated external exposures, assuming a total absorption of contaminant by inhalation and 

ingestion pathways. We did not take into account the dermal route,since this is assumed to be 

negligible for inorganic metals and metalloids (Nordberg et. al 2014). Children’s environmental 

exposure was assumed to be equivalent to residential exposure, i.e. at home where they spend the 

largest amount of time. As indoor air data were not available, indoor air concentrations were 

assumed to be equivalent to outdoor air concentrations. Dietary exposure was limited to food items 

included in the French Total Diet Study (Anses 2011). As we focused on chronic exposures, we did not 

take into account the temporal variability of exposures. In order to give an idea of the possible risk for 

children, a comparison is made when possible, between the aggregate exposure and an international 

Tolerable Daily Intake (TDI). This comparison is to be taken with care, because a total absorption was 

supposed whatever considered route of exposure. 

2.2. Exposure model 
We aggregated external chronic exposures via oral (ingestion) and respiratory (breathing) routes by 

summing them in a probabilistic framework. Exposure of individual i to contaminant j was calculated 

using Equation 1. 

Ei,j=
Erespi,j + Eingi,j  Equation (1) 

With Ei,j: Daily exposure of individual i to contaminant j, Erespi,j: daily respiratory exposure of 
individual i to contaminant j (µg of contaminant/kg bw/d), Eingi,j: daily ingestion exposure of 
individual i to contaminant j (µg of contaminant/kg bw/d). 

Respiratory exposure was calculated using Equation 2. 
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  Equation (2) 

With Vi: total daily respired volumeof individual i (m3/d), Cj: Air concentration of contaminant j (µg 
contaminant/m3), BWi: Body Weight of individual i (kg bw). 

 

Ingestion exposure was calculated using Equation 3. 

Eingi,j= Edieti,j+Ewateri,j+ Edusti,j+Esoili,j  Equation (3) 

With Edieti,j : dietary exposure of individual i to contaminant j (µg contaminant/kg bw/d), Ewateri,j, 
Edusti,j, and E soili,j : exposure of individual i to contaminant j in drinking water (tap), dust and soil, 
respectively (µg contaminant/kg bw/d). 

 



Dietary exposure was calculated using Equation 4. 
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  Equation (4) 

With Edieti,j : dietary exposure of individual i to contaminant j (µg contaminant/kg bw/d), n : number 

of food items in the diet, Qk,i : food k consumption by individual i (g food/d), Ck,j : Concentration of 

contaminant j for food k (µg contaminant/g food). 

 

Tap water exposure was calculated as follows, using Equation 5. NB: bottled water was treated as a 

food item. 
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  Equation (5) 

With Ewateri,j : tap water exposure of individual i to contaminant j (µg contaminant/kg bw/d), Qwi : 

tap water consumption of individual i (L/d), Cj : tap water concentration in contaminant j (µg 

contaminant/L). 

 

Exposure to dust was calculated as follows,using Equation 6. 
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  Equation (6) 

With Edusti,j : dust exposure for individual i to contaminant j (µg contaminant/kg bw/d), Qdi : dust 

ingestion rate for individual i (mg dust/d), Cs,j : surface s concentration of contaminant j (µg 

contaminant/m²), Ls: dust loading of surface s (mg dust/m²). 

 

Exposure to soil was calculated as follows, using Equation 7. 
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3.10
 Equation (7) 

With Esoili,j: soil exposure for individual i to contaminant j (µg contaminant/kg bw/d), Qsi,: soil 

ingestion rate for individual i (mg dust/d), Cj: soil concentration of contaminant j (µg contaminant/g 

of soil). 

2.3. Human exposure factors: consumption, intake rates, body weights and 

dust loadings 
The food and water consumption of children aged 3-6 years was retrieved from the corresponding 

244 individual data sets from the French ‘INCA2’ representative food consumption survey, which 

recorded food habits over a period of seven consecutive days (Lioret et. al 2010). Body weight data 



werealso available from this survey. Total daily respired volumes, as well as dust and soil intake rates, 

were retrieved from the exposure factors handbook (EPA 2011). Mean and 95th percentiles were 10.1, 

13.8 m3 (air)/d; 60, 100 mg(dust)/d; 50, 200 mg(soil)/d. We used the normal (left truncated to zero) 

shapes of distributions indicated in the exposure factors handbook (lognormal for dust intake as 

stated by Ozkaynak(Ozkaynak et. al 2011)). Dust loading was estimated by weighting geometric 

means and standard deviation indicated in (Giovannangelo et. al 2007), and resulted in 255.3 mg 

(dust)/m² with geometric standard deviation of 3.23 mg (dust)/m². 

2.4. Food and environment contamination data 
Food contamination data are from the last French Total Diet Study: the most consumed (consumer 

rate of at least 5%) foods identified in consumer survey(Lioret et al. 2010)plus the main known or 

assumed food contributors to exposure were selected(Anses 2011). It led to 212 food items of 41 

food groups covering around 90% of the whole diet (Arnich et. al 2012).  19,830 of these food items 

were sampled in eight metropolitan regions, over two different seasons, between June 2007 and 

January 2009 in order to reflect chronic exposure. Before analysis, they were groups up to 15 of equal 

weight of the same food, taking into account the market share, origin, species, packaging etc.and 

prepared as consumed (Sirot et. al 2009). 

Environmental data are from the nationwide Plomb-Habitat survey in France (Lucas et. al 2012), in 

which other metals were also measured in water(Le Bot et. al 2016), as well as in soil and dust 

(Glorennec et. al 2012). This sampling was completed between October 2008 and August 2009, and 

was designed to be representative of children living in France (Etchevers et al. 2014), and of their 

exposures. Tap water was sampled in the kitchen, after flushing and at stagnation time of 30’(Le Bot 

et al. 2016). Floor dust was sampled with a hand wipe at the child’s indoor play area. Soil was 

sampled using a ring at the child’s outdoor play area (Glorennec et al. 2012). More details about 

sampling have been extensively described elsewhere (Lucas et al. 2012). Data from the 215 children 

aged 3 to 6 years were used, alongside theircorresponding sampling weights, adjusted to represent 

the population of children living in France (Oulhote et. al 2013). 

Because no representative French survey exists for these compounds in air, we used local data from 

air quality monitoring regional approved associations (http://www.atmo-france.org/fr). Urban air 

concentrations for 2007-2009 were retrieved, providing 36 data sets from 22 cities for As, 37 data 

sets from 23 cities for Cd, 8 data sets from six cities for Cr, ten data sets from six cities for Cu, seven 

data sets from three cities for Mn, 39 data sets from 24 cities for Pb, eight data sets from three cities 

for Sb andseven data sets from three cities for V. For Sr, in the absence of relevant data, we used two 

data sets from 1 U.S. city (Dzubay and Stevens 1975). Concentrations ranged from 0.2 to 10.6 ng/m3 

for As, 0.04 to 0.5 ng/m3 for Cd, 2.1 to 4.1 ng/m3 for Cr, 7.1 to 22.4 ng/m3 for Cu, 6.1 to 11.3 ng/m3 

for Mn, 1 to 13.3 ng/m3 for Pb, 1.2 to 2.9 ng/m3 for Sb, 4 to 100 ng/m3 for Sr and 1 to 3.3 ng/m3 for V. 

By default, uniform distributions were used between Min and Max of observed values. 

2.4. Computation 
All data were combined with Monte Carlo simulations (n=100 000), taking into account the sampling 

designs of the food consumption and Plomb-Habitatrepresentative surveys with corresponding 

sampling weights. Simulations were conducted using Crystal Ball© 11.1 software (Oracle Corporation, 

CA). Concentrations below the limits of detection (LoD) or quantification (LoQ) were replaced by 

LoD/2 or LoQ/2 respectively, leading to a middle bound estimate. Replacements by 0 (lower bound) 

http://www.atmo-france.org/fr


or LoD or LoQ (upper bound) were used for sensitivity analysis. Potential correlations between data 

were managed as follows:correlations were tested between metals concentrations in water, dust, soil, 

age and region for the Plomb-Habitatsurvey, as well as between region, age, water consumption and 

dietary intake. Correlations with p-values <0.10 were included in the simulation process, as was a 

linear correlation (r=0.14) between dust load and surface concentration previously described for 

Pb(Glorennec et. al 2005).Contributions to exposure to each food group were assessed by dividing 

population averaged food group intake by population averaged total intake. 

 



 

3. Results and discussion 

3.1. Aggregate exposure and relative importance of exposure pathways 
The simulated median chronic exposures are displayed by pathway on Figure 1. Total exposure levels 

were 1.7, 0.3, 10.2, 34.1, 60.3, 0.7, 0.08, 44.3, 1.5 µg/kg bw/d and 95th percentiles were 4.4, 0.5, 

15.8, 61.3, 98.3, 2.5, 0.12, 111.1, 2.9 µg/kg bw/d for As, Cd, Cr, Cu, Mn, Pb, Sb, Sr, and V respectively. 

The figures shown in Figure 1 were obtained using the middle bound method. With lower bound 

(values <LoQ replaced by 0, results not shown) the differences of median and 95th percentile 

exposures were insignificant. Differences were slightly higher when using the upper bound estimates 

(values <LoQ replaced by LQ, results not shown), with a 10% difference for the highest (for median 

estimate) for Pb, and a 20% difference for Sb and V. In the following results, only middle bound 

estimates will be presented and discussed. 

Figure 1 also shows that diet was the major contributor of exposure to metals, with the exception of 

lead, where residential exposure was the main source for the 95th percentile. The particular case of 

lead is discussed later in the article. For other elements, diets constituted at least at 95% of exposure 

for As, Cd, Cr, Cu and Mn. For Sr the diet contributed 89%, and tap water 9%; for V the diet 

contributed 86% and soil ingestion 9%. Sb exposures were mainly (77%) via diet but dust, soil and tap 

water complemented this with contributions of 11%, 6% and 5% respectively. In any case, air was 

negligible as a pathway of exposure. Indoor sources were however not taken into account in this 

assessment. In particular, indoor exposure to tobacco smoke could be of concern for As, Cd and Pb. 

Air contribution remained negligible (up to 2% for Pb) when replacing the air concentrations of these 

pollutants with indoor concentrations in smokers’ homes (Bonanno et. al 2001). 

In the TDS several samples of a food item were purchased, and pooled before analysis in order to 

control costs. This pooling, rather than affecting estimation of the mean estimate, underestimates 

the variability of dietary exposures. Environmental samples were not pooled before analysis (average 

dust concentration from rooms was used) so variability is not underestimated. This pooling of food 

samples alone could result in an underestimation of the dietary contribution, for those children most 

exposed. 



 

Fig.1. Chronic exposure of 3-6 year-old children to inorganic compounds, France 2007-2009.MB: 

middle bound estimate: concentrations <LoQ were replaced by LoQ/2. 



3.2. Dietary exposures 
With the exception of lead for those most exposed to it, diet is actually the predominant exposure. 

The mean contribution of each food group is indicated in Table 1 for median dietary intake, and in 

Table 2 for the 10% most exposed by diet. 

Arsenic 

Median and P95 children’s total and dietary exposure estimates were 1.7, 4.4, 1.6 and 4.3 g/kg 

bw/d respectively. More than 95% of total exposure came via diet. This result is inagreement with 

published data for this age group: Arnich obtained 1.2 g/kg bw/d for French children between 3 and 

17 years old (Arnich et al. 2012). As it is known that daily intake decreases with age(EFSA 2009c), this 

is a good level of agreement. The European Food Safety Authority (EFSA) gave a mean value between 

1.6 and 1.9 g/kg bw/d (LB-UB) for the French population, and estimated from Italian population 

studies, that children’s exposure was twice the level of adults (EFSA 2009c) – meaning that our results 

seem slightly lower than expected. Rose found 2.8 g/kg bw/d for United Kingdom (UK) toddlers 

(mean UB value) and Wilhelm, 0.4 g/kg bw/d for German children (Rose et. al 2010; Wilhelm et. al 

2003). The most contributing food was fish (47% - increasing to 64% for the P90 population), then 

milk (7%) and shellfish (6%), which was also noticed in the UK and Catalonia, Spain (Llobet et. al 2003; 

Rose et al. 2010). Compared with the epidemiological BMDL considered by the EFSA as a reference 

value (from 0.3 to 8 g/kg bw/d) (EFSA 2009c), these exposures are of great concern for children’s 

health. However, when using these results from a risk assessment perspective it is important to bear 

in mind that our evaluation is very protective because the toxicological threshold used is for inorganic 

arsenic, whereas the exposure is expressed in total arsenic because published concentration values 

taking into account arsenic speciation are rare.Inorganic arsenic generally represents around 6 % of 

the total arsenic in human diet, less than 5% for seafood and fish for instance (Leufroy et. al 2011). 

Cadmium 

Median and P95 children’s total and dietary exposure estimates were 0.32, 0.53, 0.31 and 0.52 g/kg 

bw/d respectively. More than 97% of total exposure came via diet. For French children, between 3 

and 17 years old, dietary mean exposure was estimated at 0.24 g/kg bw/d (Arnich et al. 2012). 

Schrey obtained a mean value of 0.4 g/kg bw/d for German children aged 1 to 5 years(Schrey et. al 

2000), while Rose obtained a mean exposure value between 0.37 and 0.45 g/kg bw/d (LB-UB) for 

toddlers (Rose et al. 2010) in the UK. All these values are in agreement. The most contributing foods 

were potatoes (14%), then bread (10%), noodles or pasta (8%) and vegetables (8%). Spinach is the 

most contributing product in the vegetable category (38% of the category) due to its high 

contamination (73 g/kg)in comparison to the median contamination of food (3 g/kg). Given the 

EFSA's TWI (Tolerable Weekly Intake) (EFSA 2009a)for cadmium (2.5 g/kg bw/w), the children’s 

exposure is of great concern (2.1 g/kg bw/w for median and 3.5 g/kg bw/w for P95 in this study), 

even if potential health consequences are not immediate due to cumulative toxicity. 

 



Food category As Cd Cr Cu Mn Pb Sb Sr V 

Alcoholic drinks <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Biscuits or crackers and bars 1% 6% 3% 5% 8% 3% 4% 2% 3% 

Bread and dry bread 2% 10% 3% 5% 14% 6% 2% 2% 5% 

Butter <1% <1% 3% <1% <1% <1% <1% <1% 1% 

Cereals <1% 1% 2% <1% 2% <1% <1% <1% <1% 

Cheese 2% 1% 6% 1% <1% 3% 3% 4% 4% 

Chocolate 1% 2% 2% 5% 6% 2% 2% 2% 2% 

Coffee <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Condiments and sauces <1% 2% 1% <1% <1% 1% <1% <1% 3% 

Delicatessen 2% 1% 3% 3% <1% 3% 2% <1% 4% 

Desserts, puddings and milk jelly 2% 3% 4% 5% 3% 2% 4% 2% 2% 

Dried fruits and oilseeds <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Dried vegetables <1% <1% <1% 2% 2% <1% <1% 1% <1% 

Eggs and derivatives <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Fish 47% 1% 2% 1% <1% <1% 2% 2% 1% 

Foods for special dietary needs <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Fresh soft drinks 3% 1% 4% 3% 6% 11% 6% 6% 7% 

Fruits 1% 2% 3% 6% 6% 4% 5% 4% 3% 

Ice cream and frozen desserts <1% <1% 1% 2% 1% 1% 1% <1% <1% 

Margarine <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Meat 2% <1% 4% 3% <1% 3% 3% <1% 1% 

Milk 7% 4% 13% 3% <1% 15% 6% 7% 12% 

Mixed dishes 3% 7% 4% 5% 5% 4% 5% 4% 5% 

Offal <1% <1% <1% 3% <1% <1% <1% <1% <1% 

Oil <1% <1% 4% <1% <1% <1% <1% <1% <1% 

Other hot drinks <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Pasta <1% 8% 5% 14% 9% 1% 6% 3% 2% 

Pastries and cakes 1% 3% 4% 4% 4% 2% 9% 2% 2% 

Pastries (croissants, etc.) <1% 3% 3% 2% 4% 2% 2% <1% 4% 

Pizzas, quiches and savory pastries 1% 2% 1% 1% 2% <1% 1% 1% 2% 

Potatoes and similar 1% 14% 3% 5% 4% 3% 2% 2% 2% 

Poultry and game <1% <1% 2% 1% <1% <1% <1% <1% <1% 

Rice and wheat 1% 2% 3% 4% 5% <1% 3% <1% 2% 

Sandwich, snack <1% <1% <1% <1% 1% <1% <1% <1% <1% 

Shellfish and mollusk 6% 2% <1% <1% <1% 1% <1% 2% <1% 

Soup and stock 1% 3% 2% 3% 2% 4% 3% 3% 3% 

Stewed fruit and cooked fruit <1% 3% 2% 2% 2% 5% 3% 1% <1% 

Sugar and derivatives <1% 2% <1% <1% <1% <1% 7% <1% <1% 

Ultra-fresh dairy 2% 2% 5% 1% <1% 4% 4% 3% 4% 

Vegetables (excluding potatoes) 1% 8% 3% 5% 8% 6% 4% 8% 4% 

Bottled waters 4% 1% 1% 1% <1% 5% 5% 33% 13% 

 

Table 1.Contribution of food items to mean chronic dietary exposure of 3-6 year-old children, 

France 2007-2009.Shaded cells indicate contributors > 5%. 

 



Food category As Cd Cr Cu Mn Pb Sb Sr V 

Alcoholic drinks <1% 0% 0% <1% <1% <1% <1% <1% 0% 

Biscuits or crackers and bars <1% 5% 2% 3% 6% 1% 3% <1% 2% 

Bread and dry bread 1% 12% 3% 5% 17% 3% 2% 1% 3% 

Butter <1% <1% 3% <1% <1% <1% <1% <1% <1% 

Cereals <1% <1% 2% <1% <1% <1% <1% <1% <1% 

Cheese 1% <1% 6% <1% <1% 2% 2% 3% 4% 

Chocolate 1% 2% 3% 6% 9% 1% 3% 1% 1% 

Coffee 0% 0% 0% <1% <1% 0% 0% 0% 0% 

Condiments and sauces <1% 1% 1% <1% <1% <1% <1% <1% 3% 

Delicatessen <1% <1% 2% 2% <1% 2% <1% <1% 2% 

Desserts, puddings and milk jelly <1% 3% 4% 3% 1% 2% 1% 1% 2% 

Dried fruits and oilseeds <1% <1% <1% 1% 2% <1% <1% <1% <1% 

Dried vegetables <1% <1% <1% 1% 3% 1% <1% 1% <1% 

Eggs and derivatives <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Fish 64% <1% 1% <1% <1% <1% 1% <1% <1% 

Foods for special dietary needs 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Fresh soft drinks 1% 1% 4% 2% 11% 8% 8% 4% 9% 

Fruits <1% 1% 3% 4% 7% 3% 9% 2% 4% 

Ice cream and frozen desserts <1% <1% <1% 1% <1% <1% <1% <1% <1% 

Margarine <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Meat <1% <1% 2% 2% <1% 2% 1% <1% <1% 

Milk 5% 4% 19% 2% <1% 32% 5% 4% 14% 

Mixed dishes 3% 8% 4% 6% 4% 2% 6% 1% 4% 

Offal 0% <1% <1% 14% <1% <1% <1% <1% <1% 

Oil <1% <1% 4% <1% <1% <1% <1% <1% <1% 

Other hot drinks <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Pasta <1% 8% 5% 15% 6% <1% 5% 1% 2% 

Pastries and cakes <1% 2% 4% 2% 4% 1% 11% <1% <1% 

Pastries (croissants, etc.) <1% 1% 3% 1% 3% <1% 2% <1% 3% 

Pizzas, quiches and savory pastries <1% 2% 2% 1% 2% <1% 1% <1% 2% 

Potatoes and similar <1% 15% 3% 4% 3% 2% 1% <1% 2% 

Poultry and game <1% <1% 2% 1% <1% <1% <1% <1% <1% 

Rice and wheat <1% 2% 4% 4% 4% <1% 3% <1% <1% 

Sandwich, snack <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Shellfish and mollusk 11% 4% <1% 1% <1% <1% <1% <1% <1% 

Soup and stock <1% 4% 2% 3% 2% 6% 2% 2% 6% 

Stewed fruit and cooked fruit <1% 3% 1% 1% 2% 3% 3% <1% <1% 

Sugar and derivatives <1% 2% <1% <1% <1% <1% 8% <1% <1% 

Ultra-fresh dairy 1% 1% 4% <1% <1% 5% 5% 1% 4% 

Vegetables (excluding potatoes) <1% 10% 3% 4% 7% 4% 6% 5% 3% 

Bottled waters 2% <1% 1% 2% <1% 9% 5% 63% 23% 

 

Table 2.Contribution of food items to 10% highest chronic dietary exposure of 3-6 year-old children, 

France 2007-2009.Shaded cells indicate contributors > 5%. 

 



Chromium 

Median and P95 children’s total and dietary exposure estimates were 10.2, 15.8, 9.91 and 15.6 g/kg 

bw/d respectively. More than 97% of total exposure came via diet. The French food safety agency 

estimated 10.7 g/kg bw/d and 14.9 g/kg bw/d for mean and P95 (MB) exposure for children 

between 3 and 6 years old(Anses 2011). For European children, EFSA (EFSA 2014) found a mean 

dietary exposure of between 2.4 g/kg bw/d and 3.3 g/kg bw/d (LB-UB). Rose found a mean value 

of between 0.81 g/kg bw/d and 1.0 g/kg bw/d (LB-UB) for UK toddlers(Rose et al. 2010), and the 

Australian TDS (FSANZ 2011) gave a mean value of 4.4 g/kg bw/d. Our results are between twice 

and tentimes higher than these international published estimates. The explanation relies on 

differences in contamination of the most contributing food items. The most contributing foods are 

milk (13% increasing to 19% for the P90 population), then cheese (6%), noodles and pasta (5%) and 

milk products (5%). This means that milky products contribute to a quarter of dietary exposure to 

chromium. Considering the EFSA Tolerable Daily Intake for Cr(III) of 300 g/kg bw/d (EFSA 2014), 

chromium exposure is not a health concern. It is important to bear in mind that Cr(III) is more 

frequently found that Cr(VI), which is more harmful, and our hypothesis here is that all Cr was in the 

common Cr(III) form. 

Copper 

Median and P95 children’s total and dietary exposure estimates were 34.1, 61.3, 33.6 and 60.3 g/kg 

bw/d respectively. More than 98% of total exposure came via diet. The French food safety agency 

obtained 39.1 g/kg bw/d and 62.1 g/kg bw/d for mean and P95 dietary intake for French 

children(Anses 2011). For UK children, estimates are 44.7 g/kg bw/d and 77.8 g/kg bw/d for mean 

and P97.5 values of exposure respectively(Rose et al. 2010). The 2004 Italian TDS obtained 63.3 g/kg 

bw/d (mean value) and 109 g/kg bw/d (P95) for the general Italian population (Turconi et. al 2009). 

EFSA in its opinion on copper supplementation (EFSA 2009b) evaluated mean copper intake for 

European children at 1 mg/d (around 40 g/kg bw/d). All these values are in good agreement. The 

most contributing foods are pasta or noodles (14%) and then fruits (6%). For the P90 population, 

offalmade a 14% contribution. The high contribution of noodles is due to their high level of 

contamination (3 g/g,where median contamination for food is 0.7 g/g). For offal, the explanation is 

also high contamination (113 g/g)rather than consumption, which is low. There is no reference value 

for risk assessment but a safety limit was proposed by the Scientific Committee on Food (SCF 2003)at 

the value of 2 mg/d (around 111 g/kg bw/d). Copper is thus not a health concern for children. 

Manganese 

Median and P95 children’s total and dietary exposure estimates were 60.3, 98.3, 57.1 and 94.9 g/kg 

bw/d respectively. More than 95% of total exposure came via diet. The French food safety agency 

calculated French children’s daily intake at 62.7 g/kg bw/d (mean value) and 101 g/kg bw/d 

(P95)(Anses 2011). UK toddlers’ intake was evaluated at 168 g/kg bw/d (mean value) and 305 g/kg 

bw/d (P97.5)(Rose et al. 2010). Turconi evaluated Italian children’s intake at a mean value of 75.6 

g/kg bw/d and a P95 of 122 g/kg bw/d (Turconi et al. 2009). EFSA (EFSA 2013) published intakes 

for European children, which are the same order of magnitude as French children, with the exception 

ogPortugal (twice the French level) and Slovenia (four times the French level). The most contributing 

foods were bread (14%), followed by noodles (9%), vegetables (8%) and biscuits (8%). For the P90 



children population, bread increased to 17%, and then and chilled drinks (11%) and chocolate (9%) 

appear. For chocolate, the main contributor is soft chocolate margarine (92% of this category 

contribution). For chilled drink, the main contributor is pineapple juice (69% of this category 

contribution). These two last products contribute because of their high contamination (12.3 g/g for 

chocolate and 14.6 g/g for pineapple) compared to a median food contamination of 0.6 µg/g. There 

is no TDI for manganese. The US Institute of Medicine proposed an adequate intake for children aged 

1 to 3 years old at 1 mg/d, around 50 g/kg bw/d (EFSA 2013). Manganese intake is thus at a good 

level. 

Lead 

Median and P95 children’s total and dietary exposure estimates were 0.71, 2.52, 0.37 and 0.42 µg/kg 

bw/d respectively. Diet contributed to half of exposure at the mean - whereas for the most exposed, 

soil and dust ingestion were the pathways contributing most, as discussed below in a specific 

paragraph, together with a comparison with toxicity data. For French children aged 3-17 years, 

Arnich(Arnich et al. 2012) estimated dietary intake as 0.3 µg/kg bw/d. In Germany, median and P90 

intakes were evaluated 0.4 and 0.6 µg/kg bw/d respectively(Schrey et al. 2000). In the UK, median 

and P97.5 intakes were evaluated at 0.21-0.25 and 0.38-0.42 µg/kg bw/d respectively(Rose et al. 

2010). Other European estimatesreported by EFSA (EFSA 2010) may be higher, due to higher 

quantification limits. Dietary lead exposure is mainly due to milk (15%), fresh drinks (11%), then 

vegetables (6%) and bread (6%). 

Antimony 

Median and P95 children’s total and dietary exposure estimates were 0.08, 0.12, 0.06 and 0.08 g/kg 

bw/d respectively. More than 77% of total exposure came via diet (67% for the P95 of exposure). 

Arnich(Arnich et al. 2012) obtained a mean dietary intake for French children of between 0.04g/kg 

bw/d and 0.06 g/kg bw/d (LB-UB) using the French TDS. The small difference between this and our 

results originates in the demographic, which is older in Arnich’s evaluation (3-17 years old). Rose et 

al.(2010) obtained 0.075-0.077 g/kg bw/d as the mean intake for toddlers from the UK(Rose et al. 

2010). The European Union Risk Assessment Report (EU 2008) evaluated European diet intake at 

around 0.15 g/kg bw/d,using analysis of European pregnant women. The difference between this 

and other studies can be explained by the probable different limits of quantification, the European 

report being older (initial paper in 2002). The most contributing foods were pastries (9%), sugar (7%) 

and noodles (6%). For the P90 population contributors were pastries (11%), fruits (9%) and sugar 

(8%). No single food appears as a major contributor in any of these categories. The WHO (2003) 

published a TDI of 6 g/kg bw/d, showing no health concern for children. 

Strontium 

Median and P95 children’s total and dietary exposure estimates were 44.3, 111, 39.4 and 103 g/kg 

bw/d respectively. More than 90% of total exposure came via diet, and 9% from tap water. The 

French food safety agency (2011) obtained a mean dietary intake of 42.8 g/kg bw/d, and a P95 of 78 

g/kg bw/d(Anses 2011). The difference between these two results originates in the modeling of 

water consumption (which though similar, is not identical) – although the order of magnitude is the 

same. Rose et al. obtained 42.8 g/kg bw/d for toddlers in the UK. Turconiobtained a mean of 63.3 

mg/kg bw/d and a P95 of 104 g/kg bw/d for Italian children (Turconi et al. 2009). Total exposure to 



strontium was evaluated at 50 g/kg bw/d by the International Program on Chemical Safety (IPCS 

2010). All these results are in good agreement. The most contributing foods were bottled water 

(33%), then vegetables (8%) and milk (7%). For the most exposed (P90), the contribution made by 

bottled water was as high as 63%. If tap water contribution is added, between 42% and 62% of the 

mean exposure comes from water (tap and bottled). The US EPA proposed a subchronic reference 

dose of 600 g/kg bw/d in 1996. The International Program on Chemical Safety(2010) proposed a TDI 

of 130 g/kg bw/d. Strontium is thus not of health concern for children. 

Vanadium 

Median and P95 children’s total and dietary exposure estimates were 1.52, 2.85, 1.31 and 2.5 g/kg 

bw/d respectively. More than 85% of total exposure came via diet. The French food safety agency 

calculated a mean daily intake of 1.5 g/kg bw/d, and a P95 of 2.8 g/kg bw/d(Anses 2011). Turconi 

found a mean exposure of 0.7 g/kg bw/d and a P95 of 1.0 g/kg bw/d for the general Italian 

population(Turconi et al. 2009). EFSA evaluated the mean intake of 10-20 g/person/d 

(corresponding to 0.3- 0.7 g/kg bw/d)(EFSA 2004), which implies a child intake of 0.5-1.0 g/kg 

bw/d. All these evaluations are in the same order of magnitude. The most contributing foods were 

water (13%) and milk (12%), increasing to 23% for water and 14% for milk, for the most exposed 

population (P90). For the water group, plain water is the highest contributor (60% to 68% for mean 

population and P90). For the milk group, half skimmed milk is the highest contributor (92%). As its 

contamination is of the same level of magnitude as other food, this contribution is due to higher 

consumption. No TDI exists for vanadium. EFSA considered (EFSA 2004) that a margin of exposure of 

1000 exists when considering the lowest doses reported to cause adverse effects in rats. This 

corresponds to a MoEof above 300 for our estimates for children,meaning that the risk cannot be 

ruled out. 

3.3. The case of lead 
Figure 2, which focuses on lead exposure, confirms that this predominance of residential exposure is 

true even at the 98th percentile, with a great variability (symbolized by error bars on the figure) 

among children. 



 

Figure 2. Exposure to lead among children aged 3-6 years, France 2007-2009. Error bar: 1 standard 

deviation. 

The possibility of comparison with previous estimates is limited by the availability of similar studies. 

Based on similar design but older and non-specific environmental data, a previous study (Glorennec 

et. al 2007)found a slightly lower overall intake (median 4.7 µg/kg/week for 3-6 years) with a greater 

contribution made by diet, and a lesser one by soil and dust. Differences in dietary intake may be due 

to lower quantifications limits. The greater significance of soil and dust in our study is drawn from 

concentration data, in comparison with default values used in previous study(data came from other 

countries for soil and from a specific region for dust). The concentrations used here are similar in 

median,yet more elevated for higher percentiles. 

Almost 80% of children aged 3-6 years have a total dose in excess of 0.5 µg/kg bw/d,which is the 

equivalent dose to the benchmark dose of 12 µg/L (blood), corresponding to 1 IQ point loss (Budtz-

Jorgensen et. al 2013; EFSA 2010). This is consistent with the observed blood lead levels (BLL) 

(GM=15µg/L, P25=11%g/L) in this age group in 2008-2009(Etchevers et al. 2014). Food ingestion 

contributes to half the median total dose, whereas dust and soil contribute equally to the other half. 

The situation is different for the most exposed, with soil - and particularly dust ingestion - becoming 

the major pathways. This contribution of dust is in line with recent findings in France (Etchevers et. al 

2015; Oulhote et al. 2013) indicating that interior floor dust was, along with soil and water, associated 

with the greatest increase in BLLs (about 50% more when dust loading increases from 1 to 10 µg/m² 

(Oulhote et al. 2013), for instance). This important contribution of indoor dust has also been recently 

observed in North-America(Dixon et. al 2009; Levallois et. al 2013). 

Soil and dust ingestion rates are both variable and uncertain parameters, with low confidence 

estimates(EPA 2011). This subject is also hotly debated in the literature, especially by Stanek who 

conducted a meta-analysis on soil ingestion studies (Stanek et. al 2012)and estimated the soil 



ingestion mean to be 25.5 mg/day (+/- 15.5 mg/day). In the discussion, the author stated it 

concerned only soil (and not dust ingestion) although the trace-element methodology used in 

primary studies was not able to distinguish dust from soil. This uncertainty in the definition of soil 

and dust ingestion, coupled with uncertainty aboutthe value of the parameter, results in an 

uncertainty aboutthe amount of lead ingested both by soil and dust. Actually dividing the quantity of 

ingested soil and dust by 2 or 4 in the simulation would certainly result in a lower contribution from 

dust and soil,as well as total doses that would mainly be driven by dietary exposures - with the 

exception of the most exposed. Moreover, we have not taken into account the bioavailability of soil 

and dust relative to food, because of the absence of data about lead bioavailability. In French soils 

and dust, bioaccessibility has been shown (using a leachability test in vitro) to vary greatly between 

samples, and Pb had a median leachability in excess of 75%(Glorennec et al. 2012). In order to assess 

the consistency of our results for lead with observed BLL, we used the Integrated Exposure Uptake 

BioKinetic model for lead in children (IEUBK)(White et. al 1998) to model the BLL from our data. We 

ran IEUBK with the median dietary and environmental data simulated across all children. We used 

default parameters for other inputs, notably soil and dust ingestion, from 0.90 to 0.135 depending on 

age). We found that predicted mean BLLs were 13-16 µg/L - very close to those observed 

(15µg/L)(Etchevers et al. 2014). Modeled 95th percentiles (around 30µg/L) were also close to those 

observed. 

For the vast majority of children, the contribution of air and water is minimal. This assessment gives a 

picture at a country level, given the concurrent exposures; it must not be interpreted as 

encompassing all situations, and in particular extreme or infrequent ones. For example, in our results, 

tap water has a minimal contribution to lead exposure: this is due to frequent low concentrations. 

Nevertheless, for a 10 kg child drinking 0.5L of water containing 10µg(Pb)/L, tap water will 

substantially contribute to the intake (0.5 µg/kg bw/d for water alone in our example). Our results 

simply show that this situation is infrequent. In addition, water lead concentration was shown to have 

an impact on BLL in France. 

This study was, by design, dedicated to the exposure of most of the children, and must not be 

inferred to specific situations. It is limited to the home environment (that most frequented by 

children) and most consumed food items. 90% of diet is considered, so specific populations with 

specific habits may be excluded. It may tend to underestimate the contribution of diet for the most 

exposed, as do the grouping of food items before analysis. Especially when diet is the dominating 

source of exposure, it tends to underestimate the aggregate exposure. More generally, the study 

encompasses the main sources of exposures at population level but is not designed to point out 

specific sources for particularly exposed children. For example, traditional dishes or cosmetics have 

been associated with high BLL(Etchevers et al. 2015)yet were not considered as a source of exposure. 

An indoor environment not included here although frequented by older children is schools; 

representative data are not available but a few measurements in French schools (Canha et. al 

2015)indicate that dust usually contains very low metal concentrations. Air concentration data were 

neither numerous (and absent for Sr) nor representative - but the respiratory pathway appeared to 

be negligible so that uncertainty on these concentrations distributions do not affect the results of the 

exposure assessment. 

 



4. Conclusions 
 

In this study we aggregated dietary and environmental chronic exposures to nine inorganic trace 

elements (As, Cd, Cr, Cu, Mn, Pb, Sb, Sr, V), although exposures are traditionally estimated separately 

for diet and environment. Exposure estimates rely on data that are numerous, homogeneous and 

representative of 3-6 years old children and their chronic exposures. Though quantitative estimates 

are uncertain, they do allow identification of the source of exposure contributing most to overall 

exposure, and meriting continued prevention efforts.Aggregate exposure of concern are As with 

importance of fish and seafood contribution in which however As is in a lesser toxic form, Cd, Pb, and 

may be V, Another important key finding is that for elements other than lead, diet dominates 

exposure, and that non dietary intakes are of great importance for children the most exposed to lead. 

A practical implication in the regulatory arena is that when setting standards for lead in food, other 

exposures have to be taken into account carefully. Also interpreting lead dietary intakes cannot be 

complete without perspective to soil and dust exposures. 
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